Ring currents calculated in the ipsocentric CTOCD-DZ formalism are presented for four representative metallabenzenes, compounds in which a benzene CH group is formally replaced by a transition metal atom with ligands. Aromaticity is probed using ring currents computed using non-relativistic and relativistic orbitals (derived with relativistic effective core potentials or ZORA). Maps computed at different levels of relativistic theory turn out to be similar, showing that orbital nodal character is the main determinant of ring current. Diatropic/paratropic global ring currents in these compounds, and also circulations localised on the metal centre, are interpreted in terms of contributions of localised p-type orbitals and metal d-orbitals, respectively. All four considered metallabenzenes should be regarded as 6p electron species, despite the fact that three support diatropic ('aromatic') ring currents and one a paratropic ('anti-aromatic') current. The current-density maps determine the correct way to count electrons in these species: differential occupation of d-orbitals of formal p-symmetry contributes to circulation on the metal centre, but not around the benzenoid ring. The overall trend from strongly diatropic to weakly paratropic ring currents along the series 1 to 4 is explained by the increasing strength of interaction between formally non-bonding orbitals on the metal centre and C 5 H 5 moiety, which together make up the six-membered ring.
Introduction
The metallabenzenes are relatively new systems, first synthesised in 1982. 1 They are proposed to have a resemblance to benzene, and hence, a putative aromatic character. [2] [3] [4] [5] [6] [7] Evidence for attribution of aromaticity includes bond-length equalisation, benzene-like frontier orbital topology, [2] [3] [4] benzenoid reactivity, and negative values 3 of the Nucleus-Independent Chemical Shift (NICS). 8 Here we concentrate on the magnetic indicators. One widely used definition of aromaticity of a cyclic system is the ability to sustain a diatropic ring current induced by a perpendicular magnetic field. [8] [9] [10] [11] NICS is a probe for the nature of this current, although the computed value can be contaminated by other contributions, 12 and interpretation is not always unambiguous. A more direct way to study induced current density is through visualisation, by calculation of a current-density map at the coupledHartree-Fock or Density Functional Theory (DFT) level using the ipsocentric formalism (also known as the Continuous Transformation Of Current Density-Diamagnetic Zero (CTOCD-DZ) method). [13] [14] [15] This approach has several advantages: aromaticity is obvious from the map; the results are already well converged in modest basis sets; the current can be partitioned naturally into orbital contributions; the method allows an interpretation of the total current density in terms of virtual excitations from occupied to unoccupied orbitals. 12, 16 In this formulation, it is the nodal character and energies of frontier orbitals that determine the current. 15 Incidentally, this feature of the method justifies the use of effective core potentials (ECP), which are often used to perform computations on systems that contain heavy elements.
When a qualitatively correct description for molecules containing heavy metals is required, it is unwise to ignore relativistic effects. A first correction to non-relativistic orbitals and energies is provided by scalar approximations, such as the Douglas-Kroll formalism 17 and the Zeroth-Order Regular Approximation (ZORA). [18] [19] [20] [21] [22] It has emerged from the calculation of NMR chemical shifts that use of relativistically corrected orbitals and orbital energies provides the major part of the improvement, and that relativistic treatment of the magnetic response itself is correspondingly less important. 23, 24 A relativistic SCF calculation, producing relativistically corrected orbitals and orbital energies, followed by a non-relativistic calculation of induced current density will in many cases provide a very good first approximation to the relativistic induced current density. These claims are consistent with calculations of ring-centre NICS values for the centre of coinage-metal rings M 4 Li 2 , with M = Cu, Ag, Au. 25 The influence of relativistic effects on central NICS values was also recently investigated for icosahedral E 12
2À
(E = Ge, Sn, Pb) cages. For both types of system, the computed values were found to be strongly affected by corrections for these relativistic effects. 26 In the present paper, the ring currents induced by a magnetic field in a set of representative metallabenzenes 1-4 (see Scheme 1) are described, in order to determine the importance of relativistic corrections to the induced current density and to extend the analysis of orbital contributions, which has proved so successful in non-relativistic calculations, to situations where relativity may be significant. Comparison is made between 'non-relativistic' (NR) ring currents, and currents calculated 'relativistically', i.e., with orbitals obtained from one of two relativistic SCF treatments (ECP and ZORA). An important question is whether the relativistic SCF treatment leads to significant change in the induced ring currents. Recently published ring-current maps 6 for systems 1-4, amongst others, included consideration of symmetry-based selection rules 15 to analyse the contributions from canonical molecular orbitals, and it was shown that 18-electron Ir/Rh complexes have diatropic ring currents, whereas 16-electron Os/Ru complexes have paratropic ring currents. However, these calculations concentrated on canonical molecular orbitals, and as they were performed with ECPs they included no detailed comparison of relativistic and non-relativistic levels. We address here the question of the size of relativistic effects, and show that, instead, localised orbital contributions provide an illuminating account of the induced ring currents, including specifically the unusual departure from the normal association of 4n + 2 electrons and aromaticity. 27 This analysis of current density contributed by localised orbitals allows us to determine in unequivocal fashion the actual number of p electrons that contribute to the ring current.
Computational details
Geometries were fully optimised at the BLYP level with GAMESS-UK, 28 using the Stuttgart ECP basis for the metal centre, and the 6-31G** basis set for the remaining atoms. Convergence to within 0.00075 au for the maximum gradient was required, and all geometries were confirmed as local minima by checking that the Hessian matrix had no negative eigenvalues. These geometries were used in all further calculations and are in good agreement with previously reported optimised geometries. 3 The metallabenzenes 2 and 3 are planar, and 1 and 4 are nearly planar: in 1, the iridium atom lies 0.23 Å above the plane defined by the five carbon atoms, and in 4, the platinum atom lies 0.24 Å above the plane defined by the five carbon atoms (Fig. 1) . The current density induced by the external magnetic field (directed perpendicular to the ring of interest) is calculated at the DFT level (BLYP exchange/correlation functional) using the ipsocentric CTOCD-DZ method, as implemented in GAMESS-UK and SYSMO. 29 In the ipsocentric approach, the origin of the induced current density at any given point is placed at the point itself, [13] [14] [15] a choice that has practical computational advantages and also the vital conceptual advantage of a natural partitioning 12 into distinct, non-redundant contributions from occupied orbitals. Those orbitals can be canonical or localised. The essence of the ipsocentric approach is that no remixing of the chosen set of occupied orbitals occurs when the field is switched on.
The Pipek-Mezey localisation scheme, 30 which, in ideal fully symmetric circumstances, retains s/p separation, was used to localise the canonical molecular orbitals in order to identify p-like orbitals in these molecules. Induced p-current density plots were generated as sums of localised orbital contributions, 27 providing an opportunity to establish whether commonly applied electron counting rules apply: summation of the contribution of p-like orbitals to a benzenoid ring current supplies the effective electron count for the active electrons. All current densities are plotted in a plane 1a 0 above the (averaged) plane of the metallabenzene ring. The choice of the 1a 0 plane is justified retrospectively by analysis of the flow of currents via side-view plots (see Section 3.3). Contours denote the modulus, and arrows the in-plane projection, of the current in the plotting plane. In the plots, anticlockwise (clockwise) circulations imply diatropic (paratropic) currents. A qualitative measure of current strength is given by the maximum modulus of the induced current in the plotting plane: j max . The j max values were determined in a 3a 0 Â 3a 0 square centred on the carbon atom para to the metal centre.
Current density was mapped at three different levels of theory, differing in basis set and treatment of relativistic effects, but having in common the BLYP functional. These are: (a) a combination of ECP and 6-31G** basis sets as used in the geometry optimisations, (b) a (non-relativistically) recontracted Dyall basis [31] [32] [33] for the metal centre and 6-31G** basis for the remaining atoms, without relativistic corrections (NR), and (c) a recontracted Dyall basis for the metal centre and a 6-31G** basis, with treating the scalar relativistic effects using ZORA. 19 Contraction coefficients were determined 34, 35 with the GENANO sub-program of the MOLCAS package. 36, 37 The relativistic contraction scheme was determined using the Douglas-Kroll approximation. 17 Previous studies on the dependence of the ring current on basis set and method (HF vs. DFT functional) have shown that the ring current pattern is essentially independent of the basis set 38 and method/functional. [39] [40] [41] A basis of the 6-31G** type for main group atoms captures all the essentials of the current-density map, as the main determinant of the appearance of the map is not basis, but the choice of a distributed origin as afforded by the ipsocentric method, rather than a single origin. 38 Similarly, as in the ipsocentric method the currents are governed mainly by the nodal characteristics of frontier orbitals, 16 the changes induced by partial inclusion of correlation effects through DFT are typically small. DFT optimisation of geometry can have important indirect effects, e.g., in avoiding Hartree-Fock symmetry breaking, 40 but DFT calculation of currents typically tends to produce only small changes in current strength, rather than major changes to global pattern. Differences between functionals are typically even less significant for the appearance of the map. 41 
Results and discussion

Analysis of the electronic structures of the metallabenzenes
Electronic structures of the molecules 1-4 were characterised using Mulliken population analysis, 42 with electronic configurations derived from NBO analysis [43] [44] [45] and localisation of the canonical MOs using the Pipek-Mezey scheme. 30 Results of Mulliken and NBO analysis are listed in Table 1 , and Pipek-Mezey localised orbitals are shown in Fig. 2 . (Fig. 2) ; the fact that the metal centre lies above the plane of the C 5 H 5 -ring allows the d z2 orbital to interact with the C 5 H 5 -ring p-orbitals ( Fig. 1 and 2) . The p-system can thus be considered as a 6p-electron 6-centre ring, according to the analysis of the localised orbitals. In 3, the formal charge on Ir is +4. From the localised orbitals (Fig. 2) 
Based on these considerations, all four considered metallabenzenes consist of 6p-electron rings, consistent with following the replacement of CH by an isolobal ML n fragment. 47, 48 However, if electrons occupying d-orbitals with p-like-symmetry are included, 1 is nominally a 10p electron cycle, and 2, 3, and 4 are nominally 8p electron cycles. Drawing conclusions regarding aromaticity from the electron count alone is therefore not straightforward. However, an independent assessment of the contribution of these d electrons to the global benzenoid p ring current provides an indicator of whether they should in fact be taken to participate in the p-system.
Comparison of SCF, ECP-SCF, and ZORA-SCF maps of total current density
Maps of the total induced current density, at a height of 1 a 0 above the ring plane, evaluated at the different levels of theory (ECP, Non-relativistic (NR) and ZORA) are depicted in Fig. 3 . The plots for a given compound at the different levels are remarkably similar, and resemble the previously reported total current density plots. 6 Small differences in the strength of the current are visible, and small changes in details of the currents around the metal centre can be seen, in particular when comparing NR and ZORA with ECP, presumably owing to the absence of explicit core electrons in the ECP. This uniformity of results is perhaps to be expected on the basis of the selection rules for the ipsocentric CTOCD-DZ formalism. 15, 16 The magnetic response is determined mainly by the nodal character of the frontier orbitals, and the treatment of scalar relativistic effects influences the orbital energies, but not the nodal character. Note that these findings are not necessarily in disagreement with the fact that NICS values and NMR chemical shieldings can change significantly when relativistically corrected orbitals and orbital energies are used. In our case, the frontier orbitals, which dominate the p ring current, are mainly centred on the organic moiety, but relativistic effects are expected to be largest at the metal centre. For compounds 1 and 2 (in both the six-and five-membered rings), a clear diatropic current is visible (Fig. 3) , and indicates aromatic character. For 3, a diatropic current is present, but is weaker than in the case of 1 and 2. Compound 3 could therefore plausibly be regarded as weakly aromatic (Fig. 3) .
For 4, however, a weak paratropic current is discernible (Fig. 3) , indicating moderate anti-aromatic character. The senses of circulation of the currents are in agreement with the results of Periyasamy et al. 6 and compatible with those that would be inferred from NICS values ( of Fig. 3 correspond to a large negative NICS value, the weak diatropic current to a NICS value close to zero, and the weak paratropic current to a positive NICS value.
The similarity of the total currents calculated at the three different levels clearly suggests that analysis of the current in terms of localised orbital contributions at the lowest level of treatment of relativistic effects (ECP) should be sufficient for gaining an overall understanding of the current patterns in metallabenzenes.
Contributions of (Pipek-Mezey) localised molecular orbitals to current density and p-electron count
The summed current-density contributions of the occupied p-type localised orbitals, the p-set with exclusion of metal-d p orbitals, and of the metal-d p-type orbitals alone are shown in Fig. 4 . Two observations follow immediately. The ring current computed in compounds 1-3 is diatropic, but in compound 4 it is paratropic. All compounds show additional local circulations around the metal centre.
The cyclopentadienyl ring of 2 also retains its characteristic current pattern of a diatropic ring current 16 induced by the appropriate perpendicular external field. The current in this We turn now to the analysis of the induced current p densities in the six-membered rings of 1-4. The local circulations around the metal centres are attributable to the d-orbitals: removing the contribution of the localised d p orbitals to the p current density results in a significant weakening of this circulation (Fig. 4) , but without changing the ring current pattern. The conclusion is clear: the d p electrons do not contribute to the global ring current, and hence, should not be included in a Hu¨ckel count of p electrons, as is also evident from the plots of the d p orbital contributions to current density (Fig. 4) . Thus, all four compounds should be considered as 6p-electron systems. Neither our ring current plots nor the analysis of the contribution to ring current of localised orbitals support the proposal for the classification of some of the compounds as Mo¨bius 8p electron aromatic systems. 51 However, to reiterate the surprising main conclusion from the maps, compounds 1-3 show a diatropic current, in line with the expectation for a 6p electron monocycle, whereas 4 unexpectedly shows a paratropic current.
As noted earlier, one simple measure of current strength in a map is j max , the largest magnitude in the plotting plane of current density per inducing field. It can usefully be compared with the standard value for the p current of benzene in the plotting plane 1 a 0 above the molecule, which is 0.079 au at several levels of theory. 39, 52 Inspection of j max values for the p-currents of the metallabenzenes 1-4 (Table 3) corroborates the earlier statements that for 1 the diatropic current is strongest, and that it decreases in strength for 2 and 3. Even for 1, the benzenoid current is weaker than that of benzene. The paratropic current of 4 has comparable strength to the (diatropic) currents in the other species, but it is still significantly weaker than that in cyclooctatetraene (cf. j max B 0.3 au 39 ). It should be noted that paratropic currents of true anti-aromatic systems are typically very large, as they arise from virtual transitions across small energy gaps.
To explain how such pronounced differences in behaviour can arise, consider the metallabenzene to be built from a C 5 In applying the symmetry/nodal selection rules for the ring current, the operations of interest are the rotation around the magnetic field R x (leading to paratropic contributions), and the pair of translations perpendicular to the magnetic field, T y and T z (leading to diatropic contributions). 15, 16 In C 2v these have symmetries b 2 and a 1 + b 2 . In the five-membered ring, the node-preserving virtual excitation FO2 -FO3 would contribute mixed paratropic (G(R x ) = b 2 = a 2 Â b 1 ) and diatropic current (G(T y ) = b 2 = a 2 Â b 1 ), and the nodeincreasing virtual excitations, FO2 - (Table 4) bears out this analysis, showing that in the localised orbital with both d xz and p contributions, the amount of d-orbital character increases in the sequence 1 to 4, whereas the amount of d-orbital character in the LUMO decreases. The LUMO (Fig. 5 ) acquires greater FO3 character going from 1 to 4, and so the paratropic contribution to current increases. Hence, the overall paratropic or diatropic nature of the metallabenzenes is determined by the strength of the interaction between the d xz orbital of the metal and the FO3 C 5 H 5 -orbital. This interaction and its consequences for balance of excitations is the essential qualitative explanation of the trend from strongly diatropic to weakly paratropic ring currents along the series 1 to 4.
The final issue to be resolved is the nature of the local currents around the metal centre. This can be rationalised by considering local symmetry at the metal. Parity forbids a diatropic contribution from d-d virtual transitions, 15 but a paratropic contribution is allowed, as rotations centred on the metal can mix d-orbitals.
As can be seen from Fig. 5 , the lowest unoccupied orbitals of 1-4 have d-orbital character, and so paratropic circulations around the metal centre are expected, with major contributions from occupied d xz (and d yz ) orbitals. However, for 1, the LUMO has d z2 character, and thus the virtual excitation d xz /d yz -LUMO is expected to contribute to a current perpendicular to the plane of the metallabenzene, whereas for 2-4, the excitation Table 3 Values of the maximum current modulus j max (cf. the benzene value of 0.079 au evaluated at the RHF/6-31G**, 52 B3LYP/ 6-31G** and PBE/6-31G** 39 levels of theory) of the p ring current in the benzenoid rings for 1-4 (evaluated using the ECP basis set) d xz /d yz -LUMO is expected to contribute to a current parallel to this plane. Plots of the induced current density (in a plane that slices through the metal-carbon bond and is perpendicular to the median plane of the metallabenzene) confirm this prediction: only for 1 are circulations at the metal centre found in this plane (Fig. 6 ). The maps in Fig. 6 also incidentally confirm that the 1 a 0 plane represents a very reasonable choice for plotting p current density for all molecules considered here.
Conclusions
The (magnetic) aromaticity of a sample set of four metallabenzenes, in which a CH group in benzene has been formally replaced by an iso-lobal Ir or Pt bearing ligands, has been investigated using the ipsocentric CTOCD-DZ formalism. For these compounds, it is seen to be risky to draw conclusions concerning aromaticity based only on electron counting procedures. Non-relativistic ring currents were obtained with both relativistic and non-relativistic orbitals and analysed based on the selection rules associated with the CTOCD-DZ formalism. Relativistic corrections to the orbitals were introduced using relativistic effective core potentials on the transition metal and the ZORA approach. Only small differences in detail were found in the currents obtained at the different levels of relativistic theory, the overall maps being very similar. Three metallabenzenes are found to exhibit a diatropic ring current (strongest for 1, where j max is 70% of the value for the standard benzene ring current), but a fourth shows a paratropic current; all compounds exhibit local circulations around the metal centre, although these do not contribute to the benzenoid ring current, and the associated d electrons should therefore be excluded from the p-electron count. With this exclusion, all four systems become 6p electron systems, even though they exhibit a variety of diatropic and paratropic behaviour. The differences between diatropic and paratropic cases of equal p-electron count are explained using a model based on interaction of a cyclopentadienyl moiety interacting with the isolobal d-orbital on the metal (in this case d xz ). In addition, the local symmetry of the d orbitals explains the local currents on the metal centre. The influence of relativity on current-density maps proves to be of minor importance, leading to the useful conclusion that calculations on these systems can be carried out with standard nonrelativistic methods using ECP basis sets and can be interpreted with the conceptual tools supplied by the ipsocentric method. 
